The high-frequency dynamics of spin-polarized carriers and photons in a spin laser have been studied. The transient response of the device obtained from the rate equations is characterized by two sets of relaxation oscillations in the carrier and photon distributions corresponding to the two polarization modes. Consequently two distinct resonant peaks are observed in the small-signal modulation response. The calculated transient characteristics indicate that the best results are obtained from a spin laser when only the favored polarization mode, with lower threshold, is operational. Under this condition the small-signal modulation bandwidth is higher than that in a conventional laser, the threshold current is lower and the output polarization can be 100% with appropriate bias conditions, independent of the spin polarization of carriers in the active region. Measurements were made at 230 K on a InAs/GaAs quantum dot spin vertical cavity surface emitting laser. A time-averaged output polarization of 55% is measured with an active region spin polarization of 5 -6 %. The experimental results are in good agreement with calculated data.
I. INTRODUCTION
There is a dynamic exchange of energy between carriers-electrons and holes-and photons in a resonant cavity whenever the carrier population is perturbed by external means. The latter can be in the form of electrical injection or optical excitation. 1 Thus, in a semiconductor laser cavity a damped oscillatory optical output is observed. This is accompanied by a similar perturbation in the carrier density, usually of smaller amplitude. The system behaves as a tuned circuit and a resonant condition can be achieved in the system transfer function, which is the ratio of the light output to the injected carrier density, at some characteristic oscillation frequency. 2, 3 These relaxation oscillations, which exist for several nanoseconds and are related to the spontaneous emission lifetime, set an upper limit to the modulation frequency of a laser. In fact, the frequency of the relaxation oscillations at the tail end, where small-signal conditions are prevalent, approximates the resonant frequency for smallsignal modulation of the laser. It is generally understood that a laser restores steady state in the duration of the oscillations. In a semiconductor laser, relaxation oscillations give rise to deleterious effects such as linewidth enhancement and chirp due to the periodic modification of the refractive index in the active ͑gain͒ region by the carrier concentration modulation. 1 The spin polarization of recombining electrons and holes generally do not play a role in the operation of a conventional laser. Radiative recombination of spin-up and spindown carriers in the active region of any semiconductor light source produces left-and right-circularly polarized light, respectively. [4] [5] [6] In a conventional laser, these two polarization modes are pumped equally, from equal injection of spin-up and spin-down carriers. The two equal and in-phase circularly polarized modes combine to form linearly polarized emission. Preferential injection of spin-polarized carriers lead to emission of circularly or elliptically polarized light via the selection rules 6 for radiative recombination. While the steady-state characteristics of optically and electrically injected spin-polarized laser have been studied in detail, by theory and experiment, 7-11 the effect of a net spin polarization of carriers in the active region on the dynamic or transient, properties have not been fully examined, or exploited. In a recent publication, Lee et al. 12 report a theoretical study of the small-signal modulation properties of the dominant or favored circularly polarized mode of a spin laser, from which it is evident that the modulation bandwidth is enhanced. This is understood since a spin laser attains threshold with a smaller density of injected carriers. Of practical importance and interest are the large-signal modulation characteristics of the spin laser, the temporal evolution of the relaxation oscillations of both polarization modes and the temporal evolution of the net output polarization. In this work we have examined the role of injected carriers with a net spin polarization on the large-and small-signal modulation characteristics of a semiconductor laser. In particular, we have investigated the region of operation near threshold of the laser, where large gain anisotropy of the two polarization modes exists. The calculated transient characteristics clearly show temporally separated relaxation oscillations for the two polarization modes and predict an increase in the smallsignal modulation bandwidth. The simulations also predict that an output circular polarization of 100% can be obtained, under certain biasing conditions, irrespective of the spin polarization of the injected carriers. This fact is of great practical importance since the spin polarization of injected carriers in the active region of a spin laser at high temperatures is usually in the range of 5 -6 %. However, it may be noted that very low values of injected spin polarization reduce the flexibility in biasing conditions required to achieve high output circular polarization. Experimental verification is provided by performing measurements on a InAs/GaAs quantum dot ͑QD͒ vertical cavity surface emitting laser ͑VC-SEL͒ in which spin-polarized electrons are injected into the quantum dots by a MnAs ferromagnetic contact. The spin VCSEL operates at 230 K and a maximum output polarization of 55% is measured. These characteristics make a spin laser a very practical and useful device for a host of applications including study of biological structures, fibrous proteins and pharmacological properties of drugs, reconfigurable optical interconnects, and secure communication. 
II. CALCULATED SMALL-AND LARGE-SIGNAL MODULATION CHARACTERISTICS OF A SPIN LASER
The dynamic characteristics of a spin laser and preferential emission of polarized photons are described by the spindependent carrier-photon coupled rate equations,
where J Ϯ is the current density in the two modes, g Ϯ is the spin-dependent gain, n Ϯ is the electron density in the active region, S Ϯ is the photon carrier density, s is the spin relaxation time in the active region, ␤ is the spontaneous emission factor, ⌫ is the optical confinement factor, ph is the photon lifetime, r is the radiative recombination time constant, and v g is the photon group velocity. The values of the parameters used in our model are listed in Table I . The current densities in the two modes can be expressed as J Ϯ = ͑J / 2͒͑1 Ϯ⌸ J ͒, where ⌸ J is the current spin polarization and J is the total current density. The total carrier density n in the active region and photon density S are given by ͑n + + n − ͒ and ͑S + + S − ͒, respectively. To determine the small-signal response, we assume J = J 0 + ⌬J, n Ϯ = n 0 Ϯ + ⌬n Ϯ , and S Ϯ = S 0 Ϯ + ⌬S Ϯ , where J 0 , n 0 Ϯ , and S 0 Ϯ are their corresponding equilibrium values. The large-signal response of the laser and the temporal evolution of the photon and carrier densities are obtained from the rate equations by using numerical techniques. 1 The transfer function ‫ץ‬S Ϯ / ‫ץ‬J for the small-signal modulation response 1 and the resonance frequency f R Ϯ of the response are also derived. The latter is expressed as
where g 0 is the differential gain, ⌸ s is the spin polarization in the active region, n tr is the transparency carrier density, and ⑀ is the gain compression factor. Gain compression of a laser generally results from hot carrier effects and carrier leakage from the active region. 19 The expression relating spin dependent gain ͑g Ϯ ͒ to the differential gain ͑g 0 ͒ is given by g Ϯ = g 0 ͑n − n tr ͒͑1−⑀S͒. A simplified analytical form of the resonance frequency is given by
under the assumption that the gain compression factor is small and v g g 0 S + r ӷ 1 at high injection. Figures 1͑a͒-1͑c͒ show the time evolution of photon density ͑S − , S + ͒, electron density ͑n + , n − ͒ and output circular polarization, respectively, when a large-signal step current bias ͑J Ͼ J T + , J T − ͒ is applied having ⌸ J = 0.5 and s = 1 ns. The transient response from a conventional laser is also shown for comparison. An important distinction between the spin laser and the conventional laser is that one of the modes ͑S + ͒ starts lasing earlier than the other mode ͑S − ͒. This is evident from the relaxation oscillations of the two modes. The transients in the conventional laser lie in between the two modes of the spin laser. The time-dependent electron densities show similar trends as shown in Fig. 1͑b͒ . The time delay between the lasing of the two modes is ϳ0.5 ns in this case. This delay is due to the fact that injected spin-polarized carriers fill one spin subband ͑n − in this case͒ faster than the other subband ͑n + ͒ and the resultant gain anisotropy facilitates the n − mode to reach threshold faster. The threshold carrier density for each mode is exactly half ͑n th / 2͒ of that of a conventional laser ͑n th ͒. Another important aspect that emerges from the dynamic 1 . ͑Color online͒ Calculated large-signal modulation characteristics of spin laser in presence of a bias step pulse applied at t = 0 ns, showing temporal variation and relaxation oscillations of ͑a͒ photon density, ͑b͒ electron density, and ͑c͒ output polarization. The output polarization of the spin laser reaches a value of 100% when only the favored mode is lasing and the relaxation oscillations are initiated after the less favored mode attains threshold. characteristics is that the total carrier density ͑n = n + + n − ͒ continues to increase even after the device has started lasing for n = n th,spin = n th / ͑1+⌸ s ͒ which is the threshold carrier density for a spin laser. In contrast, the carrier density gets clamped at n th in a conventional laser. It is interesting to note in Fig. 1͑c͒ that the output circular polarization gradually reaches a peak value close to 100% when only the favored polarization mode is lasing. Oscillations of the output circular polarization is initiated only after the less-favored mode starts lasing and the output circular polarization eventually reaches the steady-state value. This effect is also present for smaller values of s , as will be evident later. The steady-state carrier density of a spin laser for ͑J Ͼ J T + , J T − ͒ is the same as that of a conventional laser ͓Fig. 1͑b͔͒ but is smaller than that of conventional laser for ͑J T + Ͻ J Ͻ J T − ͒. The relaxation oscillations gradually decay in a laser. The oscillation frequency at the latter part of the transient approaches the small-signal modulation resonance frequency given by Eq. ͑4͒, which is approximately the modulation bandwidth of the system. Figure 2 shows calculated values of the upper limit of the relaxation oscillation frequency plotted as a function of current bias for the two polarization modes in a spin laser and that in a conventional laser. The value of s is assumed to be 100 ps, which is approximately the value in InAs quantum dots, incorporated in our experimental spin VCSELs, at room temperature. 20 It is interesting to note that the polarization mode with higher gain has a much larger relaxation oscillation frequency than that of the other mode and also that of the conventional laser. Since a larger relaxation oscillation frequency corresponds to a larger resonance frequency for small-signal modulation given by Eq. ͑4͒, spin lasers are expected to have larger modulation bandwidth ͑f −3 dB ͒ than conventional lasers. This is expected since a spin laser reaches threshold with a smaller density of injected carriers. To determine the impact of the temporal separation of f R + and f R − on spin laser bandwidth, we have calculated the small-signal frequency response for S + , S − , S͑=S + + S − ͒, and that of a conventional laser for s = 100 ps. Figure 3͑a͒ shows the frequency response when only the favored mode S + is lasing ͑J T + Ͻ J Ͻ J T − and S − =0͒. It can be seen that the bandwidth is considerably larger for the spin laser. Figure 3͑b͒ shows the frequency response when both the modes are lasing ͑J Ͼ J T + , J T − ͒. It is interesting to note that the spin laser bandwidth ͑f −3 dB spin ͒ is smaller than the bandwidth for individual polarization modes ͑f −3 dB + and f −3 dB − ͒ and for the conventional laser ͑f −3 dB conv ͒. This can be understood from the phasor diagram in Fig. 3͑d͒ . The phase contribution from a mode beyond the resonant frequency is greater than 90°. As the frequency exceeds f R − , the phase for S − is greater than 90°while the phase for S + is still close to zero. The resultant amplitude for S ͑vector sum of S − and S + ͒ is therefore smaller than both S + and S − . The amplitude for S decreases very rapidly for f Ͼ f R − as S − accumulates phase at a much faster rate and the 3 dB frequency f −3 dB spin for the spin laser is reached earlier than all of f −3 dB − , f −3 dB + , and f −3 dB . However, it is evident that the spin laser has another passband at a higher frequency ͑similar to a bandpass filter͒ where it responds to the signal frequency efficiently. The 3 dB frequency of a spin laser is therefore a complex function of both injected current spin polarization and spin relaxation time. We have examined the effect of gain compression ͑⑀͒ on the small-signal modulation bandwidth of spin-polarized and conventional lasers. The results are shown in Fig. 3͑c͒.   FIG. 2 . ͑Color online͒ Calculated upper limit of relaxation oscillation frequency as a function of current density for the conventional and spin lasers. The oscillation frequency increases with increasing bias for both the polarization modes. The oscillation frequency of the conventional laser always lies in between the two modes of the spin laser.
FIG. 3.
͑Color online͒ Calculated small-signal frequency response of the spin laser when: ͑a͒ the favored polarization mode and ͑b͒ both polarization modes are lasing. The response from a conventional laser is also shown for comparison. The spin laser bandwidth increases when only one mode is lasing and decreases when both the modes are lasing; ͑c͒ effect of gain compression ͑͒ on modulation bandwidth calculated for the spin and conventional lasers and ͑d͒ phasor diagram of the polarization modes.
The presence of a large gain compression increases the damping of the system and the resonant peak amplitude tends to decrease and finally disappears. The effect of gain compression may be slightly more adverse in a spin laser compared to that in a conventional laser, as indicated by the calculated bandwidths. This effect is dependent on the spin relaxation time constant s , current spin polarization ⌸ J , and the operating bias.
III. OUTPUT POLARIZATION
Perhaps the most interesting aspect of the present analysis is the fact that the temporal separation in transient characteristics between the two polarization modes ͑S + and S − ͒ in response to a large-signal input and the corresponding difference in resonance frequencies can be used to generate light with very large output circular polarization. The less favored mode ͑S − ͒ in the transient characteristics can be suppressed by pulsing the input signal with appropriate ON ͑t on ͒ and OFF ͑t off ͒ periods. Figure 4͑a͒ shows the calculated average output circular polarization ͑⌸ c ͒ as a function of time for various values of t on and t off of a perfect square pulse bias and assuming ⌸ J = 0.5. ⌸ c is ϳ64% for continuous-wave ͑t off =0͒ operation with large s = 10 ns. To emphasize the fact that a large output circular polarization can indeed be obtained even with very small s , the rest of the simulations are done with s = 100 ps. A smaller t on ensures that only the favored mode ͑S + ͒ is lasing and all the light is coming from this mode while the other mode ͑S − ͒ is barely excited. Therefore the average output circular polarization is very high. A relatively large t off also ensures that the carriers in the less favored mode ͑n + ͒ do not build up to n th / 2 and therefore facilitates a large value of ⌸ c . Figure 4͑b͒ shows similar calculated data for ⌸ J = 0.05, s = 100 ps and the input square pulse has a rise and fall time of 1.5 ns. These parameters are chosen for comparison with experimental results to be described next. The general nature of the temporal evolution of polarization is very similar. The most important point to realize is that it should be possible to achieve very large degrees of output polarization even if the spin polarization ⌸ s in the active region is small. This can greatly relax the requirements of high spin polarization in the ferromagnet injector, high spin injection efficiency at the ferromagnetsemiconductor junction, and large spin diffusion length in the transport region between the contact and the active regions. The results also imply that large output polarization can be obtained at high temperatures where s might be small.
IV. EXPERIMENTAL RESULTS: CHARACTERISTICS OF QUANTUM DOT SPIN VCSELs
In order to verify the predicted transient characteristics and, in particular, the output polarization, we have made measurements on InAs/GaAs QD spin VCSELs. The spatial localization of carriers in the QDs inhibits the dominant D'yakonov-Perel spin scattering process 21 and photon scattering which reduce the spin lifetime. A spin lifetime s = 100 ps is predicted in InAs QDs at 300 K. The growth and fabrication of spin VCSELs have been described by us. 22 Very briefly, circular postspin VCSELs were fabricated by standard lithography, etching, and metallization techniques after molecular-beam epitaxial growth of the laser heterostructure. The top-emitting device consist of a GaAs/ Al 0.8 Ga 0.2 As lower distributed Bragg reflector ͑DBR͒ mirror, a -sized GaAs cavity in the center of which is placed eight periods of InAs/GaAs QDs and a top DBR consisting of five periods of ZnSe/ MgF 2 . The MnAs/ Al 0.1 Ga 0.9 As Schottky tunnel spin injection contact 23 is selectively regrown and fabricated around the cavity mesa on top of silicon-doped GaAs layer of the bottom DBR. The contact injects spin-polarized electrons which travel to the active region QDs, where they recombine with unpolarized holes injected from a p-ohmic contact placed above the cavity region. 24 The mesa diameter varies from 10 to 30 m and for a 10 m diameter device, the average distance traveled by the injected spin-polarized electrons is ϳ4 m. The injected spin polarization at the 25 nm MnAs/15 nm Al 0.1 Ga 0.9 As contact is 32%, determined from independent measurements on lateral GaAs spin valves. 25 The spin polarization in the active region at or near lasing threshold is FIG. 4 . ͑Color online͒ ͑a͒ Time-averaged output circular polarization ͑⌸ c ͒ as a function of time for various t on and t off of an ideal square pulse bias with zero rise and fall times. ⌸ c can be tuned in a wide range by varying the ON and OFF periods. The output circular polarization can be made very high independent of the spin relaxation time in the active region by suitably tuning the pulse width and duty cycle of the bias current; ͑b͒ ⌸ c calculated and measured for a spin laser with a pulse current bias having finite identical rise and fall times ͑1.5 ns͒. The simulations correspond to a quantum dot spin polarization of 6% estimated for a 10 m diameter VCSEL measured at 230 K. The filled circles correspond to the time averaged output polarizations measured in these devices.
estimated to be on the order of 5 -6 %. 10 The laser heterostructure is schematically shown in Fig. 5 . Control devices with nonmagnetic ohmic contacts were also fabricated.
Since the Curie temperature of type A MnAs is ϳ300 K, the spin laser was designed to operate at 230 K, where the magnetization of MnAs is still reasonably large. 26 Also, since the easy axis of MnAs is in the in-plane ͓110͔ direction, measurements were made in a magneto-optical cryostat with the applied magnetic field in the Faraday geometry, for which the direction of light output and spin quantization axis are coincident. The spin VCSEL output spectrum exhibits a transition of linewidth 0.31 nm with peak at 1.17 m for a bias of I = 1.05I th,0 . The light-current characteristics of the spin VCSEL as a function of B and the corresponding threshold current reduction are shown in Fig. 6͑a͒ . The threshold current for no applied magnetic field is I th,0 = 10.5 mA for the 10 m diameter device. Under steady-state dc bias conditions, a maximum threshold current reduction of 4.4% at 2 T is measured as shown in the inset. The reduction saturates at this value of applied magnetic field. The measured output polarization for dc bias tracks the magnetization curve for MnAs and saturates at a value of 12.5% at 2 T. The control devices and magnetophotoluminesence measurements on the devices show an output polarization of ϳ1%. These experimental data confirm that the observed output polarization at 230 K is due to spin injection alone.
The output polarization measured at B = 2 T under pulsed bias conditions are shown in Fig. 6͑b͒ . Large-signal modulation measurements were made with a square wave input pulse having a rise and fall times of 1.5 ns, the laser being switched from I Ͻ I th,0 to I = I th,2 T during the t on interval. The output polarization was analyzed using a photoelastic modulator operating at 50 kHz and a Glan-Thompson linear polarizer, and the signal was detected and recorded with a silicon avalanche photodiode and low-noise preamplifier using digital lock-in techniques. It is clear that very large output polarization values, up to 55% are measured for small values of t on . It should be noted that the measured value corresponds to the time-averaged output polarization, as the response time of the silicon photodiode and that of the photoelastic modulator are much larger than the values of t on . A larger output polarization ͑Ͼ55%͒ could not be measured because of the limitation of the pulse generator used. For large values of t on for which both polarization modes are above the threshold, the output polarization tends to a steady-state value of 12.5%. The inset of Fig. 6͑b͒ shows the variation in the output polarization with increasing bias. The decrease in polarization is due to increasing population of the less favored polarization mode. The experimental data for small t on are plotted with the theoretically calculated polarizations in Fig.  4͑b͒ and there is a very good agreement. It is important to realize that an output polarization of 55% is measured with a spin polarization of ϳ6% in the QDs. Finally it may be noted that operation at room temperature and without an applied magnetic field can be obtained with Fe/Tb-MgO ͑Ref. 27͒ or FeCoB-MgO ͑Ref. 28͒ spin injectors and polarization up to 100% can be measured for small t on and high-speed biasing and circuitry.
V. CONCLUSION
In conclusion, we have studied the transient properties of a spin laser, together with the small-and large-signal modulation properties. It is evident that the spin laser performance is optimized when only one polarization mode ͑with higher gain͒ is lasing. The laser responds faster to large-signal inputs, as the relaxation oscillations decay in a shorter period, the small-signal modulation bandwidth is larger and the out put polarization can be very large ͑up to 100%͒ independent of the spin polarization of cavities in the active region. The latter is verified experimentally with InAs/GaAs quantum dot spin VCSELs operating at 230 K. A maximum polarization of 55% is measured. 
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